A new exciting study reports the discovery of a beneficial function of H 2 O 2 in bacteria (1). Khademian and Imlay show that Escherichia coli can use cytochrome c peroxidase (Ccp) as a respiratory enzyme, wherein H 2 O 2 acts as an electron acceptor under anoxic conditions (Fig. 1A) . This finding may impact our understanding of microbial metabolism and the role of H 2 O 2 in prokaryotes. The use of molecular oxygen by organisms is often associated with the phenomenon known as oxidative stress, a deleterious state counteracted by an arsenal of specialized enzymes that ensure that this threat is contained and the intracellular milieu is protected (2). This function is supported by oxidation and reduction reactions that alleviate the deleterious effects of partially reduced species of molecular oxygen, also known as reactive oxygen species (ROS). We also know that, in eukaryotes, ROS may not only induce "collateral damage," but also have fundamental roles in cellular physiology, supporting such processes as the immune response, signal transduction, and cell proliferation (3). Organisms tightly control the levels of ROS and their spatiotemporal characteristics, so that they could be used as second messengers or agents for bacterial killing, yet would not significantly damage cellular components. Mitochondria are considered as a major intracellular source of H 2 O 2 , an abundant and physiologically relevant form of ROS in cells that originates from the superoxide anion (O 2 .− ) during aerobic respiration (4). Cells use several types of enzymes to fine-tune the rate of H 2 O 2 release from this compartment to cytoplasm. H 2 O 2 is also a product of various enzymes that use molecular oxygen for two-electron oxidation reactions (5), further supporting the physiological relevance of H 2 O 2 for cellular life. However, because the purposeful use of H 2 O 2 has only been described for eukaryotes, a question arises as to when, during the evolution of life, the cells adopted the toxic H 2 O 2 for a beneficial use. Studies indicate that ∼2 billion years after the origin of life on Earth, "a metabolic revolution" occurred as photosynthetic cyanobacteria evolved and started filling the atmosphere with O 2 . Many organisms then adapted to use O 2 for respiration (6) . Before this oxygenation event, the utilization of carbon sources, such as methane, formate, and acetate, proceeded through anaerobic metabolism. Primordial atmosphere was anoxic with the abundance of abiotic H 2 O 2 and CO 2 , whereas O 2 was scarce (7, 8) . Although molecular oxygen is an obligatory precursor in all known routes of H 2 O 2 formation, studies have shown that the reducing atmosphere of the early Earth could support generation of oxidants, such as H 2 O 2 , through UV light-induced photochemical breakdown of water and ionization reactions caused by lightning (8, 9) . Rainwater would then carry soluble oxidants to the surface of the Earth (9). We also know that the utilization of abundant carbon sources (methane, formate, and acetate) as electron donors in the respiratory chain could produce H 2 O 2 (10). The first inhabitants of this anoxic environment were mainly acetogens and methanogens, which were largely devoid of cytochromes, but contained methanophenazine (quinone analog) to support electron flow during anaerobic respiration (11) . The metabolic background of extant organisms, such as these methanogens and unicellular eukaryotes that inhabit anaerobic environments, can be considered as snapshots of the evolution of respiration from anoxic to oxic conditions. O 2 is toxic to obligate anaerobes but is indispensable to aerobes, whereas some prokaryotes and eukaryotes are facultative anaerobes able to live in both anoxic and oxic conditions.
In this context, the report by Khademian and Imlay (1) may help understand how early bacteria adapted to use exogenous H 2 O 2 as an electron acceptor for anaerobic respiration coupled with the degradation of nonfermentable carbon sources. First, the authors show that E. coli hydroperoxidase-deficient cells ( (Fig. 1A) . The importance of this study is that it is the first report that demonstrates a beneficial use of H 2 O 2 in prokaryotes.
Ccp is found in both prokaryotes and eukaryotes, although many species (e.g., metazoans) do not have it. Ccp was recently assigned a role in peroxide metabolism in the budding yeast, Saccharomyces cerevisiae (12) . In this organism, the deletion of all eight thiol peroxidase genes (Δ8 strain) was not lethal (13) , but resulted in slow growth and a high-mutation rate (14) . Interestingly, the Δ8 cells increased mitochondrial content 10-fold and became dependent on respiration, even on fermentable carbon sources. This phenotype was driven by the increased expression of Ccp, a protein located in the mitochondrial intermembrane space. Expression of ccp in the Δ8 strain improved cell growth, whereas its deletion was lethal. The Ccp function required respiring mitochondria, explaining the dependence of Δ8 cells on respiration. Interestingly, increased Ccp was observed in the yeast under oxic conditions, whereas in the bacterial Hpx − mutant it was elevated under anoxic conditions in the presence of H 2 O 2 . In this regard, the exciting findings of Khademian and Imlay (1) should prompt further experiments in both yeast and other microorganisms. One big question is whether it is possible that the eukaryotic Ccp also supports the use of H 2 O 2 as an ultimate electron acceptor, either in the presence or absence of O 2 . In addition, can H 2 O 2 compete with O 2 for respiratory electrons, and does Ccp have different roles in yeast and bacteria? Eukaryotic and bacterial Ccps have different domain structures, possess one and two/three heme moieties, respectively, and use different mechanisms for catalysis (15) . Phylogenetic analysis (Fig. 1B) shows that these two Ccp classes indeed form distinct clusters: eukaryotic Ccps are more similar to other peroxidase families, including catalase. It is conceivable that the main and original function of Ccp in bacteria is not to protect the periplasm from the toxic effects of H 2 O 2 , but to facilitate electron transport from a primary electron donor to H 2 O 2 for energy production. If this is the case, alleviation of the toxic effects of H 2 O 2 would be a secondary function. The idea that bacterial Ccps play a role in bioenergetics was previously suggested (15, 16) , but Khademian and Imlay (1) directly show that the respiratory growth of bacteria on a nonfermentable carbon source under anoxic conditions requires both the presence of H 2 O 2 and the activity of Ccp. Facultative anaerobes, such as pathogenic bacteria, often reside at the interface of oxic and anoxic conditions, where H 2 O 2 may be present both exogenously and endogenously. The presence of H 2 O 2 under anoxic condition would activate Ccp, in turn controlling the use of alternative carbon sources. The metabolic switch between fermentation that uses glucose, and anaerobic respiration that uses alternative carbon sources, may be directly controlled by Ccp based on O 2 availability and H 2 O 2 abundance. Additional work should explore these possibilities and functional differences (or commonalities) between bacterial and eukaryotic Ccps. The idea of the metabolic control by Ccp, H 2 O 2 , and oxygen availability opens new research avenues. This research may thus help us better understand oxygen and peroxide metabolism and possibly shed light on functions of other peroxidases that evolved before the great oxygenation event.
